MSI is a molecular imaging technique that allows for the generation of topographic 2D maps for various endogenous and some exogenous molecules without prior specification of the molecule. In this paper, we start with the premise that a region of interest (ROI) is given to us based on preselected morphological criteria. Given an ROI, we develop a pipeline, first to determine mass values with distinct expression signatures, localized to the ROI, and second to identify the peptides corresponding to these mass values. To identify spatially differentiated masses, we implement a statistic that allows us to estimate, for each spectral peak, the probability that it is over-or under-expressed within the ROI versus outside. To identify peptides corresponding to these masses, we apply LCÀMS/MS to fragment endogenous (nonprotease digested) peptides. A novel pipeline based on constructing sequence tags de novo from both original and decharged spectra and a subsequent database search is used to identify peptides. As the MSI signal and the identified peptide are only related by a single mass value, we isolate the corresponding transcript and perform a second validation via in situ hybridization of the transcript. We tested our approach, MSI-Query, on a number of ROIs in the medicinal leech, Hirudo medicinalis, including the central nervous system (CNS). The Hirudo CNS is capable of regenerating itself after injury, thus forming an important model system for neuropeptide identification. The pipeline helps identify a number of novel peptides. Specifically, we identify a gene that we name HmIF4, which is a member of the intermediate filament family involved in neural development and a second novel, uncharacterized peptide. A third peptide, derived from the histone H2B, is also identified, in agreement with the previously suggested role of histone H2B in axon targeting.
INTRODUCTION
The use of multiple imaging techniques to assess the presence and location of specific proteins in tissues and cells is central to the study of biological systems. The prevailing approach is to label one or several proteins at a time either by attaching a fluorescent domain genetically or by treating a biological sample with labeled antibodies, and then to record two-dimensional (2D) micrographs of the sample, possibly reconstructing them into a three-dimensional (3D) object or movie. Such imaging techniques are low-tomedium throughput approaches and give the biologist insight into just a small number of biological samples, limited to known proteins for which antibodies or tagged forms exist. In contrast to the low throughput of imaging technologies, some available genomic, transcriptomic, and proteomic (particularly via mass spectrometry) technologies allow for the sampling and exploration of the entire complement of active molecules in the cell.
An exciting and innovative recent advance in mass spectrometry is mass spectrometric imaging (MSI). MSI is a molecular imaging technique that allows for the generation of topographic 2D maps for various endogenous and some exogenous molecules (e.g., drugs and their metabolites) involving the application of mass spectrometry directly on tissue. In the matrix-assisted laser desorption/ionization (MALDI) MSI workflow, thin tissue sections (10À15 μm) from organs or even whole body animals are mounted onto a conductive glass slide allowing microscopic observation of the tissue prior to MS analysis. Important preparative steps include appropriate tissue treatments 1 and ionic matrix deposition, which must be optimized to reach the highest analytical performance. 2 By incorporating a target scanning capability within the mass spectrometer itself, it is then possible to obtain mass spectra at a series of specified locations on the target. After its introduction, 3 direct MALDI analysis of tissue sections was developed by various groups. 4À8 The studies performed by these groups demonstrated that acquisition of tissue expression profiles while maintaining cellular and molecular integrity was feasible. With automation and new analysis software, it also became possible to produce multiplex imaging maps of selected biomolecules within tissue sections.
9À11
While the true abundance of a molecule cannot be measured using this approach, the intensity of its corresponding spectral peak (or its expression level) often correlates with its abundance, albeit in a complicated manner (e.g., compounds with poorer ionization efficiency display lower intensity peaks than would be expected purely on their abundance). Molecules that are preferentially expressed in a region of the sample will show higher intensity in the image corresponding to a specific m/z value when represented with the intensity encoded by a color map. It is also important to note that when looking at these m/z images, it is possible to be looking at the combined intensity of several compounds with similar m/z values. Most bioinformatics approaches have focused on using MALDI MSI as a tool for the discovery of signature markers of particular physiological stages. One approach is to distinguish regions of the tissue presenting very different mass spectral signatures. This has been addressed by a number of researchers, who use unsupervised clustering methods to characterize a region of interest (ROI).
12, 13 While unsupervised clustering is essential to the analysis of large data sets without user input, it ignores prior knowledge about tissue morphology. In many cases, a more targeted, or supervised, approach is desirable, allowing the user to pull out the molecular signature for a specific area of interest. In this paper, we start with the premise that a region of interest (ROI) is given to us based on preselected morphological criteria. As an example of an ROI, consider the central nervous system (CNS) of the medicinal leech, Hirudo medicinalis, one of the best-studied representatives of the phylum Annelida (segmented worms). Given a particular ROI, we ask (a) which masses have a distinct expression signature, localized to the ROI and (b) to which peptides do these masses correspond? The answer to these questions, in the context of, for example, several embryonic stages, can help us identify key peptides and proteins in leech neuronal development. As the leech CNS has a demonstrated capacity to repair itself after injury and to restore function, 14À16 the discovery of peptides involved in neuronal development and regeneration could have therapeutic implications.
To answer our first question, that is, what are the masses that are specifically expressed in a region of interest, we developed a statistical method that operates on MALDI MSI data. While some recently published methods seek to differentiate molecules between two regions (e.g., cancerous vs noncancerous), 17À20 we provide a publicly available tool that allows for the analysis of noncontiguous regions, using various methods. We also validate our method using simulations. An interactive tool allows the user to define the ROI on a histological image of a leech embryo. We defined several different ROI corresponding to CNS, the lateral/ ventral regions, and the nephridia. We implemented a statistic that allows us to estimate, for each spectral peak, the probability that it is more highly or less highly expressed within the ROI versus outside. The m/z values that we find include some whose expressions are very low relative to other peaks (see Figure 1 ) but strongly localized to the region of interest. The method was validated, using both simulated perturbations of the original intensities as well as visual inspection of MALDI images restricted to the peaks of interest. All selected peak images displayed localization in the area of interest and the signal became visually weaker and less localized to the ROI as the score decreases. The statistic was used to identify peak masses specifically, expressed in the different ROIs.
The second question we pursued is the identification of the peptides associated with those mass values. In fact, identification of the species showing interesting spatial distributions remains one of the most challenging problems in MSI. Many recent studies have focused on this problem and some of these approaches obtained sequence information by performing MS/MS directly from the tissue. In the case of identifying larger peptides or proteins, these approaches have favored a bottom-up method comprising of in situ tissue digestion by applying a proteolytic enzyme with a spotter or sprayer, followed by MS/MS on tissue.
21À23 While these methods are powerful in that they give us a broader overview of the proteome while combining imaging and identification in one step, they have several limitations. First, identification from on-tissue MS/MS has been restricted to high-abundance molecules and remains a challenge for low abundance molecules. 21, 24 Moreover, digestion greatly increases the complexity of the spectrum, especially for lower masses, although one proposed solution is to couple an ion mobility mass spectrometer to the MALDI-TOF instrument thus using drift time as an additional separating dimension. 25 Finally, enzymatic product diffusion, 24 variation in peptide intensities, 26 and the fact that many parent masses will have similar distributions, all increase uncertainties in the correlation between parent image and trypsin product images. It is worth noting that Chen et al. 27 opted for another bottom-up approach from the sample in the identification of neuropeptides in the lobster. While they successfully sequenced many neuropeptides from extracts, MAL-DI imaging was used independently only as a second step to visualize the localization of these identified neuropeptides, using mass value to correlate the images to the peptides. Thus, the approach does not necessarily identify specific molecules of interest.
In contrast, we focus on LCÀMS/MS identification of endogenously processed peptides (2000À5000 Da). By not using a protease digestion step, we maintain the link between the observed mass and the identified peptide. The identification is challenging, as the fragmentation patterns of high-charge, nontryptic peptides are poorly understood. 28 Currently, while top-down mass spectrometry allows for the identification of spectra of larger proteins, it requires either a) labor-intensive sample purification to isolate the protein of interest or b) a highly abundant protein in order to obtain spectra with good isotope resolution which is necessary for identification. In order to use complex sample and identify less abundant peptides, we limit the identification here to intermediate sized peptides despite a larger range of interesting m/z values. We developed a custom peptide identification pipeline based on constructing sequence tags de novo from both original and decharged spectra, and performing a database search including modifications (see Figure 1 ). As the MSI signal and the identified peptide are only related by a single mass value, we isolate the corresponding transcript, and perform a second validation via in situ hybridization of the transcript. Using this method, we successfully identified a number of peptides (see Supplemental Figure 12 , Supporting Information). One of these peptides belongs to a novel gene that we call HmIF4; it is a member of the family of intermediate filaments (IF), with strong sequence similarity to gliarin, macrolin and filarin, three previously characterized IFs in Hirudo medicinalis, which were known to be expressed in the CNS. Whole mount in situ hybridization (see Experimental Section) with a probe to the corresponding RNA matched well with MALDI imaging data, supporting the identification. A second identified peptide corresponds to a segment of histone H2B, and showed consistent localization via in situ hybridization as well. A third identified peptide is completely novel, and not currently represented in the Overall process for detecting and identifying masses specifically expressed within an ROI or specific morphological feature. The process consists of two major parts: protein localization (top) and protein identification (bottom). Protein localization: We developed a pipeline to detect proteins that are preferably expressed in a given ROI using MALDI imaging data. This pipeline consists of 3 parts: (1) data acquisition and processing, (2) query definition, and (3) analysis. (1) We acquire spectra across a raster of the entire animal or section; thus we obtain a list of spectra with spatial coordinates. These can be viewed as a matrix of intensities for each spot and each m/z value. (2) We manually create a mask for the ROI by adding a binary image layer onto the optical image using a standard image editing tool. The mask is converted into a MALDI spot resolution query as described in the Experimental Section. An example of a mask and query for the central nervous system is shown in Supplemental Figure 3 (Supporting Information). (3) We run our algorithm against the obtained MS data to find m/z values which are localized in the defined region of interest. Protein identification: We developed a pipeline to identify peptides specifically expressed in our ROI. This pipeline consists of 6 steps: (1) targeted MS2 acquisition, (2) decharging of acquired spectra, (3) finding peptide tags, (4) database search, (5) annotation of spectrum and RNA identification, and (6) in situ hybridization. (1) We acquire MS2 spectra specifically targeting the lists of masses which were found to be specifically localized in the ROI in the first part of our method. This is done in a data-dependent or semidata-dependent manner. (2) We decharge the spectra to help tag identification. (3) We generate tags on both the original and the decharged spectra. (4) We search the generated tags against a protein database. The search allows for modifications. (5) We annotate the original spectrum and identify the corresponding mRNA. (6) We perform in situ hybridization by synthesizing a probe from this mRNA to test colocalization to the ROI. leech genomic databases (NCBI nr, Helobdella proteins and Hirudo EST, see Experimental Section). Figure 1 provides an overview of the method, which has two subprocesses: MSI based peptide/protein localization and MS/MS based peptide/protein identification.
EXPERIMENTAL SECTION

MALDI Imaging Data Acquisition
In brief, the MSI data used to test the computational methods reported here were acquired from two 12-day old leech embryo specimens, herein referred to as LeechE12a and LeechE12b to reflect their embryonic age (12 days at 24°C). The specimens were opened along the dorsal midline, pinned flat and the yolk sack and endoderm removed to expose the central nervous system. Next they were exposed briefly (1À2 min) to methanol in order to lightly fix and permeabilize the tissues, then placed on glass slides coated with indium tin oxide (ITO) and immediately dried. Methanol was selected because it provided a quick, onestep fixation (noncross-linking) and permeabilization that works well with leech embryos. We also found that it aids efficient peptide extraction following matrix application, though this was not assayed against other possible lipid solvents, as this was not the principal goal of the work reported here. The embryos were mounted so the internal surface of the body wall faced the laser beam. After recording optical images of the mounted embryos, they were coated with several layers of special solid ionic matrices (CHCA/Aniline), using a manual pneumatic TLC sprayer (VWR, Strasbourg, France). Such matrices have proved to be quite efficient for peptide/protein analysis directly from tissue sections (increased signal intensity, increased number of detected peptides/proteins, higher stability under vacuum conditions, lower ablation rate).
1 MALDI Imaging was performed on a MALDI-TOF/TOF instrument (Ultraflex II, Bruker Daltonics, Germany) at the University of Lille. While only MS1 spectra were acquired in the mass spectrometric imaging stage, it is worth noting that a TOF/TOF acquisition could be useful to help correlate the sequenced peptides with the original imaging data by using the TOF/TOF partial fragmentation. However, because many of the interesting molecules are of lower abundance (see Supplemental Figure 11 , Supporting Information), it is likely that even partial fragmentation may be hard to obtain straight on tissue without protein concentration. Spectra were acquired over 38 837 m/z values from 12 115 locations in a rectangular raster of points 60 μm apart on LeechE12a and 37 199 m/z values from 22 230 locations at raster in a rectangular raster of points 35 μm apart on LeechE12b. Data was acquired on a wide range of m/z values to ensure that our software could detect spatially localized molecules on a large scale of values with different noise levels. Because the data was acquired on a wide m/z range, the m/z resolution did not allow us to detect isotopic patterns on the imaging data. However, peaks were well matched across spectra and across samples. The complete data set is a collection of spectra, each associated with a "spot" on the leech surface. Conceptually, the data can be represented as a collection of triplets <m,s,I m,s > describing the spectral intensity I m,s at each spot s, and m/z value m.
MALDI Imaging Data Normalization
Each spectrum was normalized to correct for systematic biases, including an m/z dependent bias, and a region specific bias. The spatial bias is clearly seen in Supplemental Figure 2 (Supporting Information), with an order of magnitude difference in total intensity across different regions. A median baseline correction (flexAnalysis) was employed to correct for the m/z bias. Note that baseline correction causes some intensity values to become negative. To correct for spatial bias, we performed normalization after baseline correction. The average intensity for positive intensities after baseline correction at each spot was computed as
The data was normalized by recomputing the intensities as
AðsÞ
This data was written into a custom compressed lossless format to facilitate data analysis.
Query Definition
We defined an ROI by manually creating a mask, which is an image that can be superposed onto the histological image. Formally, a mask M maps each high-resolution pixel to a binary value M p ∈ {0,1}, indicating whether or not the pixel is part of the ROI. These masks are easily created by adding layers onto the image using any standard editing tool with layer capabilities. These layers can then be exported as separate images. We developed a plug-in that extends the open-source GNU Image Manipulation Program (GIMP, http://www.gimp.org/) to facilitate the exportation process, allowing the user to export any combination of layers into new images.
Because the MALDI spots are at much lower resolution than the mask, they can be partially inside and partially outside the ROI. Thus, we define our query to designate how much of each MALDI spot belongs to the ROI. Thus, the query Q maps each low-resolution laser spots s onto a real value Q s ∈ [0;1]. For each low-resolution laser spot s, we can define the collection of pixels p ∈ s on the light-transmitted image which belong to the laser spot. We assign the following value to each spot: Figure 3 shows the user-defined mask for the leech CNS, and the resulting gray-image query Q s for all spots s.
Query Shift
Mapping of the MALDI spots to the histological image is done here by manually defining teaching points, which are a set of spots with coordinates on both images, in flexImaging software (Bruker Daltonics) prior to acquisition. By using these matching sets of coordinates, it is possible to calculate the relative scale ratios and establish a correspondence between the coordinates of both images. However, because of the lack of precision in the definition of the teaching points, the mapping and/or scaling of MALDI images to the histological image may be slightly off. Because the ROI is defined on the optical image, which shows the morphological features, it is important to minimize mapping errors between the two types of images. In order to correct for imprecision in defining the teaching points, we introduced the possibility of manually setting shifts by translation and/or scaling of the mapping from the MALDI image to the optical image. Both shifts are done independently on the x-axis and y-axis, as teaching points can have lack of precision on either axis.
Testing for Localization of Protein Expression
The input to this process is the set of normalized intensities I m,s and one or two query(ies). If only one query is specified, the given ROI is compared to the rest of the spots, as done in Figure 2 . If two queries are specified, then the intensities from the first ROI are compared to the intensities from the second ROI, ignoring the rest of the data, as done in Figure 3 . Depending on the statistical test, it may be necessary to define two sets of spots from the query: those in the ROI and those outside the ROI. For a query Q, we can define two thresholds t 1 and t 2 , such that t 1 g t 2 . Then, the set of spots such that Q 1 g t 1 are within the ROI and the set of spots such that Q s e t 2 and Q s > t 1 are outside the ROI. Note that there is no overlap between the two sets but that there may be spots not belonging to either set. If the input is two queries, one threshold t 1 is given for each query and spots belonging to both query are arbitrarily assigned to the first ROI. While the user has the option to define those query thresholds, all values are defaulted to 0.5.
A set of intensities for all spots exhibits the same pattern as the given ROI if the intensities are distributed such that there is a separation between those within the ROI and those outside the ROI. While our software allows the user to choose between several statistics, we use the F statistic, which is the MannÀWhitney U statistic normalized by its maximum possible value. For each m/z, we calculate the MannÀWhitney U statistic for the average intensity over a range of (2 Da as U = R ROI À (n ROI (n ROI þ1)/2) where n ROI is the number of spots in the ROI and R ROI is the sum of the ranks of the intensities in the ROI. The rho statistic is calculate as F = U/(n ROI n bg ), where n bg is the number of spots outside the ROI. High-scoring peaks for m/z < 2200 were discarded because many spectra did not have any peaks in that region causing a bias in the localization.
Simulations
In order to assess the performance of our method, we generate some simulated data. The first simulated data aims to see how our method performs when the ROI signal decreases in terms of area, that is we want to see how the statistic behaves as less spots in the ROI show higher expression. Let n 1 and n 2 be the number of spots inside and outside the ROI respectively, and let I ROI (r 1 ,...,r n 1 ) and be the corresponding sets of intensities. We sort the ROI spots by location and the background spots by intensities. In order to generate a random background intensity, we randomly select a background spot b i such that 1 e i e (n 2 À1) and we generate a random intensity I rand sampled uniformly in [I bg (b i ),I bg (b iþ1 )]. To generate the simulated data, we incrementally set k ROI spots r 1 ,...,r k to a random background intensity. Thus, the ROI spots now have intensities I sim assigned to them such that I sim (r 1 ,...,r k ) are random background intensities, and I sim (r i ) = I ROI (r i ) for k þ 1 e i e n 1 ). In the case of rebalancing the total intensities, we distribute the subtracted intensity by setting
Our second simulation aims to see how our method performs when the ROI signal decreases over the entire region. In this case, we simply decrease the intensities of each ROI spots by a certain percentage until the average intensity inside the ROI is the same as the non-ROI (or background) intensities. This means that for each spot r i within the ROI, we assign the intensity I sim (r i ) = x*I ROI (r i ) where x∈ [mean(I bg )/mean(I ROI ),1].
MS/MS Sample Preparation and Data Acquisition
Identification of the molecules with particular m/z values selected from the MALDI-TOF imaging required the acquisition of high-resolution MS/MS spectra. We therefore tested several extraction procedures for obtaining intact proteins/peptides without enzymatic digestion that yielded good MS and MS/MS results with either MALDI or ESI methods. These included extraction with 1N acetic acid, 1N HCL, TCA, basic extraction with ammonia, 50:50:1 Methanol:water:FA, and PBS. For the purposes of the work described here, the most consistent results were obtained with a simple PBS extraction (a comparative study of these methods will be published elsewhere). Peptides were extracted from leech embryos of embryonic ages between 6 and 12 days old. Forty embryos with or without yolk were snap frozen in liquid nitrogen and then pulverized in a Dounce homogenizer. The homogenized tissue was stored at À80°C after thorough lyophilization. The homogenized tissue was then dissolved in 200 μL of ice cold 100 mM PBS (pH 7.4) containing protease inhibitor cocktail and 0.1 M PMSF and vortexed. Tissue was dissolved by stirring at 4°C for another 4 h. Samples were sonicated for 5 min with 10 s pulses at constant voltage. The extract was then centrifugated at 12 000 rpm for 30 min at 4°C. The supernatant was separated from the pellet and was reextracted using PBS. Supernatants from all the extractions were pooled and samples were desalted and then dried using a Speedvac before proceeding to mass spectral identification.
The samples were analyzed by liquid chromatography (LC) coupled with tandem mass spectrometry with electrospray ionization. All nanospray ionization experiments were performed by using a QSTAR-Elite hybrid mass spectrometer (AB/MDS Sciex) interfaced to a nanoscale reversed-phase high-pressure liquid chromatograph (Tempo) using a 10 cm-180 ID glass capillary column packed with 5-μm C18 ZorbaxTM beads (Agilent). The buffer compositions were as follows: buffer A was composed of 98% H2O, 2% ACN, 0.2% formic acid, and 0.005% TFA; buffer B was composed of 100% ACN, 0.2% formic acid, and 0.005% TFA. Peptides were eluted from the C-18 column into the mass spectrometer using a linear gradient of 5À80% buffer B over 140 min at 400 μL/min. Time-of-flight MS were acquired at m/z 400 to 2000 Da for 0.5 s with 12 time bins to sum. MS/MS data were acquired from m/z 50 to 2000 Da by using "enhance all" and 24 time bins to sum, dynamic background subtract, automatic collision energy, and automatic MS/MS accumulation with the fragment intensity multiplier set to 6 and maximum accumulation set to 2 s before returning to the survey scan. LCÀMS/MS data were acquired in a data-dependent fashion by selecting the 5 most intense peaks with charge state of 2À5 that exceeds 20 counts, with exclusion of former target ions set to "360 seconds" and the mass tolerance for exclusion set to 100 ppm. The data dependent acquisition was also operated with inclusion and exclusion lists to include an ion selection list for MS/MS analysis and exclusion of ions already analyzed.
MS/MS Identification
The Hirudo genome has not been sequenced, so we create a custom database, LeechProtsDB, comprised of Hirudo EST sequences 29 (http://genomes.sdsc.edu/leechmaster/database/), the predicted Helobdella robusta proteins (JGI, v1.0, http:// genome.jgi-psf.org/Helro1/Helro1.download.ftp.html) and all Hirudo protein sequences from the NCBI nr database (ftp:// ftp.ncbi.nlm.nih.gov/blast/db/). We cluster and decharge the raw MS/MS spectra and predict peptide tags on both the original and the decharged spectra using PepNovo 30 version 20090907. Peptide tags were predicted using no enzyme, fragment tolerance of 0.5 Da, parent mass tolerance of 2.5 Da, considering the posttranslational modifications Mþ16, Qþ1 and Nþ1. A peptide tag is a string of residues with flanking masses on the C-terminus and the N-terminus (see Figure 1 , Database Search). The fragmentions comprising the top scoring tags were manually investigated for charge confirmation. Tags that passed this validation were searched against our custom database. A database peptide was considered a candidate if it matched the tag perfectly, and the residues on either end had masses that matched the tag masses. All candidate peptides were scored according to the fraction of explained intensity, which is the proportion of the total spectrum intensity which can be explained by annotated peaks.
In situ Hybridization
A complementary coding strand probe was obtained by in vitro transcription of the PCR product using T3 polymerase (Invitrogen), and subsequently hydrolyzed into shorter fragments. In situ hybridization was then performed with a digoxigenin-labeled RNA probe as described previously. 31 In brief, embryos of various ages were fixed in paraformaldehyde and further by Pronase E digestion. Day 6À8 embryos were digested for 20À25 min, older embryos for longer times. Digested embryos were then hybridized overnight at 59°C in 50% formamide with approximately 1 ng/mL digoxigenin labeled RNA. Washed embryos were treated with RNAase A (Sigma) to degrade unhybridized probe. Hybridized probe was visualized immunohistologically with an alkaline phosphatase (AP)-conjugated antidigoxigenin (Roche) reacted for periods ranging from 15 h to 3 days, using NBT and X-phosphate color reagents-(Roche). Intact embryos were cleared in 80% glycerol, mounted under a coverslip, and photographed.
RESULTS AND DISCUSSIONS
Overview of the Pipeline
In Figure 1 , we show our customized pipeline for detecting and identifying masses specifically expressed in a given morphological feature. It consists of two major subprocesses: protein localization (top) and peptide identification (bottom). The first subprocess allows us to detect peptides or proteins that are preferentially expressed in a given ROI using MALDI imaging data and consists of 3 parts: (1) data acquisition and processing, (2) query definition, and (3) analysis. First, we acquire spectra across a raster of locations across the entire tissue or specimen, obtaining a list of spectra associated with specific spatial coordinates. A histological image of the specimen taken prior to matrix deposition serves to localize raster points, or MALDI spots, on the specimen. We use the histological image to manually define a mask of the ROI, which is stored as a transparent layer with black pixels only within the ROI. Because MALDI spots are generally at lower resolution than the mask, the mask must be converted into a query as described in the Experimental Section. The query define which MALDI spots are in the ROI, or more precisely, how much of each MALDI spot belongs to the ROI. Queries can also be searched against each other in order to find molecules that are differentially expressed from one ROI to another. An example of a mask and query for the central nervous system of a leech embryo specimen (LeechE12a) is shown in Supplemental Figure 3 (Supporting Information). For each m/z, we apply a statistical test to decide if it is preferentially expressed in the ROI.
The critical performance issue is to rank results correctly. We use the F statistic, which is the MannÀWhitney U statistic normalized by its maximum possible value. Conceptually, it represents the probability that, given two random spots, one in ROI and one outside the ROI (or in the second ROI), the intensity of the spot inside the ROI is higher than that of the spot outside the ROI. Thus, a F statistic value of 0.5 indicates that the expression is not specific to the ROI. As the statistic approaches 1, it becomes increasingly likely that the intensity of a random ROI spot is greater than that of a random non-ROI spot. This means that the expression becomes more localized to the ROI. Conversely, as the statistics approaches 0, it becomes increasingly likely that the expression is inversely localized to the ROI. There is no hard line between "good" and "bad" localizations, but rather gradual decrease in specificifity of the localization to the ROI. Therefore, we leave it up to the user to decide a probability threshold based on the desired quality of results. For our purpose, we often used a threshold of 0.65. The performance of the statistic for simulated and actual leech data is discussed in detail in the following sections.
The second stage of the pipeline is aimed at identifying the peptides specifically expressed in our ROI. MS/MS spectra are acquired by specifically targeting the list of masses detected by the first stage (Figure 1 ). This is done in a data-dependent or semidata-dependent manner (see Experimental Section). To maintain the connection with the m/z values, the MS/MS spectra are acquired using a nonproteolytically digested sample. We use a high-accuracy QTOF instrument (sub-3ppm), with multiple collision energies to provide a high-quality fragmentation. Multiply charged fragment ions are decharged using isotopic peaks. Next, we generate peptide sequence tags on both the original and the decharged spectra. We define a tag as a short string of aminoacids flanked by mass values (see Figure 1 , Database Search). We search all tags in a modification-tolerant manner against a custom protein database and annotate and score the resulting candidate peptides from the search. At this stage, we have a top-scoring candidate peptide identified through MS/MS, with a parent mass value that shows preferential expression in the ROI. As a test of this identification, we synthesize a probe from the corresponding mRNA with embryonic cDNA as a template, which is then used in in situ hybridization assays to verify that mRNA and peptide colocalize to our ROI. We would expect peptide colocalization to the mRNA, but in some instances the mRNA could have a wider distribution, suggesting post-translational regulation. Conversely, it is also possible that the peptide is transported to a subcellular location that is different from the region of synthesis. Hence, colocalization is supportive of identification, but lack of it cannot be taken as proof of mis-identification.
Data Normalization
Similar to other studies, 32 we observe significant and systematic bias in the distribution of the intensities, both on the m/z axis and spatially. Reasons for the spatial bias include differing tissue composition or thickness and heterogeneity of ionic matrix crystallization. 1 To eliminate this bias, we must first do a baseline correction on all spectra (m/z-dependent bias), then we must normalize the intensities across all spectra (see Experimental Section). In Supplemental Figure 2a (Supporting Information), we see that there is large variation in the average spot intensities. In panel b, we see the distributions of the average spot intensities across the leech surface before (top) and after (bottom) normalization. After normalization, all spot spectra have the same average peak intensity. Not correcting the bias can lead to erroneous conclusions on the localization of expression for many molecular species. As an example, the leech brain appears to have overall significantly lower total intensity compared to other regions. In panel c, correcting for this bias reveals the species m/z = 10357.1 (right) as being higher in the brain (top vs bottom panels). On the other hand, the species at m/z = 8563.04 (left) appears to have significantly localized expression initially. However, the significance is diminished after correction.
Defining Regions of Interest
As described in Experimental Procedures, MSI-Query was applied to two samples denoted as LeechE12a and LeechE12b. A total of 12115 and 22230 MALDI MS spectra were acquired on LeechE12a, and LeechE12b respectively. We created masks for three distinct ROIs (CNS, lateral-ventral, and nephridia) onto the histological images and converted them into queries (see Experimental Section). These masks correspond to the following embryonic tissues.
CNS. The leech segmental ganglia are very similar to each other and comprise of about 400 neurons, ∼180À190 pairs and ∼30 unpaired, 33 many of which are very well characterized developmentally, anatomically, physiologically and neurochemically. 34, 35 Furthermore, unlike the mammalian CNS, the leech CNS has a demonstrated capacity to repair itself after injury and to restore function. 14À16 We defined the central nervous system (CNS) as the segmental ganglia, the head ganglion, and the tail ganglion in each specimen.
Lateral-Ventral. As in other animals, mechanosensory neurons in the leech innervate the skin in a regular pattern of domains also known as tiles. One example of these types of cells are those that respond to light touch on the skin surface (TV, TL and TD cells). These cells have an interesting difference in how they set up their sensory arbors, subdividing each segment: the TV cells innervate left and right ventral tiles, the TL cells innervate left and right lateral tiles, and the TD cells innervate left and right dorsal tiles. A very interesting problem is to identify what peptides/proteins (or other molecules) might mark the boundaries or areas of each tile and signal to the sensory cells where to locate their arbors. We defined the lateral domains as those extending from head to tail between two lines drawn along the ventral-most and dorsal-most boundaries of the laterally positioned nephridia (see Figure 3 top left). The ventral domains were then defined as lying between the lateral domains and the ventral midline. The area of the CNS was subtracted from the ventral domains in order to examine ventral domain information without the CNS contribution and in order to reduce noise.
Nephridia. The nephridia are the segmentally iterated excretory organs of the leech and as such serve the purposes of ridding the animal of waste products and maintaining water and electrolyte balance. Both the structure and transport mechanisms of the leech nephridia have been studied in some detail. 36, 37 Because the nephridia connect to the outside of the animal (through the nephridiopores), they can serve as pathways for bacterial or other microbial invasion, and some preliminary data suggests that cells in the nephridia may be expressing and releasing antibacterial peptides. We created a mask of the nephridia as shown in Figure 3 (top right).
Simulations
Currently, there are no standard data sets to assess performance, or standards to generate simulated data. To assess performance, we chose a mass value (m/z = 5574.15) that was significantly localized in the leech CNS. Our first simulation tests the performance of our method when the ROI signal decreases over the entire region. In this case, we simply decrease the intensities in the ROI spots by a certain percentage until the average intensity inside the ROI is the same as the non-ROI (or background) intensities. In Supplemental Figure 6 (Supporting Information), we see that the score decreases slowly at first, and starts dropping drastically once the average ROI intensity is less than about twice the average background intensity. Visually, we can see that the signal also starts dropping more rapidly around the same point. In the original image, the average ROI intensity is about 6.8 times the non-ROI average intensity, and the signal is very clear. In the second image, the ratio of average ROI intensity to average background intensity are approximately 2.74. While the signal is visually not as pronounced as in the original image, especially in the posterior ganglia, we can still see clear CNS expression and the score is still high (s = 0.75). However, in the third and fourth images (intensity ratios 1.87 and 1.58, scores 0.66 and 0.62), we observe a lower signal. We can also see a decrease of signal in the anterior ganglia between the two images. Finally, the last two images (ratios 1.29 and 1.0, scores 0.57 and 0.5) show almost no CNS localization. Again, similar intensities in the ROI and in the background lead to a score close to 0.5 as expected.
Our second simulation tests our method when degrading the signal in the ROI. In this case, we set a proportion of the ROI spots to have random non-ROI (or background) intensities (see Experimental Section). It is then possible to balance the total ROI intensities by distributing the subtracted intensity to the remaining spots; that way, the total intensities in ROI and outside ROI remain the same throughout the simulation. In Supplemental Figure 7 (Supporting Information), we show the results for two simulated runs for the two cases described above: with and without balancing the ROI intensities. In both cases, the score linearly decreases as more ROI spots are set to background intensity. In the balancing case, the intensities of the remaining spots increase to compensate for the other spots; consequently, the score remains higher in the balanced case than in the unbalanced case, as expected. Note that because the background intensities are set in a random manner, the results differ slightly for each run. This explains why the ending scores are different in the two runs. Visually, we can see that around s = 0.65, which indicates a 65% chance that a random ROI spot has higher intensity than a random non-ROI spot, the signal is still CNS-specific, but is targeted to a subregion. When all spots are set to background intensities, the signal is lost and the probability score decreases to 0.5 as expected. The results show that the F statistic provides a direct interpretation of the strength of the ROI signal.
Overexpressed Molecules in the Leech
CNS. Any MALDI spot partially hitting the CNS is considered in the ROI. Even so, only 2.66% and 3.28% of the spots in LeechE12a and LeechE12b respectively were in our ROIs, and each ganglion had at most 2À3 laser spots 50% or more coverage by the ROI (see Supplemental Figure 3 , Supporting Information). Despite this challenge, we find that our method performs extremely well. We identified 43 m/z values that were significantly present in the CNS of LeechE12a (score g0.65), which are listed in Supplemental Figure 1 (Supporting Information). Visual inspection clearly demonstrates the power of the method as illustrated by the images for the top 12 most significant m/z values shown in Figure 2 . We can see from these images that the ions corresponding to these m/z values are clearly more highly represented in the CNS and that specific expression can be detected even in the presence of other signal. For example, mass 8428.45 (case c) is detected as having significantly higher expression in the CNS even though it is expressed in another area in a dorsal posterior region. Likewise, we can see signal in other areas for cases e, f, g, h (m/z = 2474.11, 2524.06, 9240.11, 3299.11). Panels iÀk are marked by lower (albeit significant) scores which corresponds to the decrease in CNS specificity. In those cases, not only is the noise higher in the rest of the leech, but the uniformity of the expression inside the CNS decreases. Specifically, we can see that fewer spots within the ganglia display strong expression while expression in the head ganglion increases compared to the rest of the ganglia. However, even in those cases, the CNS intensities are uniformly higher than non-CNS intensities.
The correlation between decreasing score and decreasing quality of CNS localization is also evident in the lower ranked masses. In Supplemental Figure 4 (Supporting Information), we show the expression pattern for 3 representative m/z values. The first image is taken for m/z = 2797.28 which was assigned a score of s = 0.62, just below our cutoff of 0.65. It still shows regional distribution specific to the CNS, but signal in other regions significantly impairs the ROI signal compared to the top-scoring images in Figure 2 . In the second panel, the intensities outside the nervous system almost perfectly balance out the intensities within the CNS, and thus we get a score of 0.51, which represents no CNS localization. Finally, at the other end of the range, we can detect ions which have specific expression to outside the ROI. In the third image, at score s = 0.23, the molecule is highly expressed in the ventral region of the leech but shows distinct underexpression in the ganglia and the brain, displaying the inversed CNS expression pattern expected by such a low score.
Lateral-Ventral. To detect some of the potential signaling peptides that might be involved in the development of mechanosensory arbors, we looked for m/z values expressed differentially between the ventral and the lateral regions by using our algorithm. Given that there are more spots in these ROIs than in the CNS ROI, and that they are more evenly distributed, we expected the algorithm to perform well for these masks. Indeed, we had many high-scored results for both ventral and lateral regions. Figure 3 shows the images for the top 5 highest scores (v1Àv5) and for the top 5 lowest scores (l1Àl5) when running the algorithm for the ventral region against the lateral region. A high score indicates strong expression in the ventral region against the lateral region, while a low score indicates the inverse. In all images, there is a clear division between the two sections (ventral and lateral) on the left side of the leech. The right side of the leech seems to have more noise, but the demarcation between the two sections is maintained throughout the results. Interestingly, we pick out a nervous system signal at m/z = 3505. However, when looking at the image we can see that there is also a clear separation in signal between the ventral and lateral regions. This signal could be from a molecule that is expressed in both the ventral region and the CNS yielding a higher intensity in the CNS, possibly due to higher abundance there. Alternatively, the different signal intensities might reflect a mixture of two molecules with similar m/z values, one molecule producing a high intensity signal in the CNS and the other a lower intensity signal in the ventral region. When looking at the localization of the lower signal molecule, we can see the same intensity separation between the ventral and lateral regions.
Nephridia. When querying the nephridia against the rest of the leech, the top results were clearly in the nephridia alone; however, the fact that many masses are expressed more strongly in the lateral section than the ventral section caused some of the lower scoring results to be noisy. As a consequence, we queried the nephridia against the lateral section of the leech. The top 10 results are shown in Figure 3 . It is important to note that the scores for nephridia are much lower than for the previous queries. In fact, only the top score s = 0.67 is above our threshold of s = 0.65. When looking at the images, we can see that even though there is nephridia localization, the expression pattern is noisy and nonhomogeneous. For example, m/z = 5557 and m/z = 10875.6 are expressed more in the anterior and posterior sections of the leech, respectively. Interestingly, several masses show a colocalization with the nervous system (m/z = 8429, 7663, 6535) (data not shown), reflecting perhaps the accumulation of strongly expressed and secreted neuropeptides in the CNS and the secretory organs. 38 Besides detecting interesting masses for the ROI, we can also see regional differences in the expression of the molecules. Corresponding molecules may represent segmental functional differentiation.
Comparative Analysis and Reproducibility. To address the reproducibility of CNS specific mass values, we repeated the experiment in another leech. LeechE12b, like LeechE12a, is a 12 day embryo and expected to show similar distribution of peptides. While the two samples were prepared using the same methods on comparable samples, spectra were acquired on a slightly greater m/z range and on a much tighter raster for LeechE12b. In Supplemental Figure 5 (Supporting Information), we display the top scoring masses for the two samples. All high-scoring masses in LeechE12b were found in LeechE12a, but the inverse is not true. This is attributed to a lower overall intensity of the data in LeechE12b, as can be seen by the high-scoring images from LeechE12b. This difference in data quality is attributed to the difference in data acquisition parameters as mentioned above. Notwithstanding the low overall quality of LeechE12b, the scores between the samples are comparable and reflect the true quality of the localization.
Peptide Identification
Initial experiments were performed on extracts from 39 whole embryos. The samples were subjected to nano-LCÀESIÀQTOF MS. We selected peaks corresponding to interesting imaging masses from the MS1 data and acquired MS/MS spectra in a data-dependent manner or semidata-dependent manner (see Experimental Section). We increased acquisition time in order to acquire high-quality spectra of lower abundance peptides. In Supplemental Figure 11 (Supporting Information), we can see that two of the identified spectra had lower MS1 intensity counts than many of the other molecules present in the sample. No trypsin digestion was performed so we could use the peptides' parent masses to link the MS/MS data to the MALDI imaging data, which captures endogenously processed peptides. Identification of intermediate sized endogenous peptides is difficult due to a limited understanding of fragmentation chemistry and high charge on fragment ions. To overcome these issues, we developed a novel peptide identification pipeline, based on construction of sequence tags from both original and deconvoluted spectra, and a database search including modifications. We identified a number of peptides (see Supplemental Figure 12 , Supporting Information). A few are described below.
We first identified a candidate sequence for parent mass ∼2474 Da that was specifically expressed in the CNS. In Figure 4 , we present the annotated spectrum for the peptide that was derived from an EST transcript in our LeechProtsDB database, as well as the corresponding MALDI image showing CNS specific expression. The annotation explains 78.41% of the total peak intensity, with strong b and a fragment-ion series. As expected, we observe a very strong peak for fragments at the N-terminus of the prolines. A large part of the b ion series, namely b15Àb22, is built on validated charge 3 fragment ions, which makes identification of this peptide difficult using standard tools.
A BLAST search of the EST sequence against the NCBI nr database established that the peptide came from a previously unreported protein. The strongest similarities (but not identity) are all to intermediate filament proteins, and specifically to gliarin, macrolin and filarin, the three known intermediate filaments in Hirudo medicinalis, 39 which have been described as important in neuronal development in leech. Thus, we believe to have found a novel member of the family of intermediate filaments, which we call HmIF4. We aligned the four protein sequences using ClustalW 2.0.12, 40 as shown in Supplemental Figure 8 (Supporting Information) . The EST open reading frame aligned particularly well in the conserved rod domain, and has more variability outside of that domain. The peptide we identified is located in a variable region in the 5 0 end of the rod domain where the sequences are quite dissimilar, thus confirming the discovery of a novel protein. Finally, we examined the distribution of the HmIF4 transcript using in situ hybridization (see Experimental Section). In Figure 4c , we can clearly see that the mRNA is indeed preferentially expressed in the CNS. The concordance of the spatial distributions at the peptide and corresponding mRNA strongly support the specificity of expression, and also suggests that differential gene expression, not protein targeting, is the reason for the spatial distribution.
A second peptide, with parent mass ∼3666 Da, was targeted for being specifically expressed in the lateral/dorsal region. The identified sequence is noted as ½14VPTTKTSYVVVTSDVLVPGSE ½ þ 14LLVDLHLLDLTKS and explains 74.45% of the total intensity. The annotated spectrum is shown in Figure 5 . Moreover, most of the rest of the intensity can be explained by internal ions from breaks at the dominant peaks. Out of this long annotation, we have a very strong 7-residue tag, [1089.62]VTSDVLV [1863.22] , with a complete doubly charged b ion series b10Àb17 and a complete y ion series y17Ày24 . There is also a partial a-ion ladder supporting the direction of this tag. On its own, the tag explains 67.3% of the spectral intensity. A BLAST search of the protein sequence did not get any good hits, suggesting that this is a novel peptide. Another spectrum of the same peptide, unmodified and 2 amino acids longer, confirms the identification. The parent mass of this peptide, ∼3841 Da, also shows dorsal localization (see Supplemental Figure 10 , Supporting Information).
A third molecule (parent mass ∼2500 Da) was shown to have a CNS specific expression. A database search identified the peptide LPGELAKHAVSEGTKAVKTYTSSK, which is part of the histone H2B in a related species, Helobdella robusta (Supplemental Figure 9 , Supporting Information). Histones, which are part of the DNA packaging complex, are highly conserved. Indeed, a BLAST search 41 of the translated EST sequence against the NCBI nr database, returned complete perfect matches to 179 sequences in many different species. Therefore, it is is very likely that the peptide is conserved between the sequences in Helobdella robusta and Hirudo medicinalis. Regarding CNS localization, Shimma et al. 23 have previously identified a histone H2B expressed in the mouse brain using MALDI imaging. In situ hybridization of the mRNA again shows a preferential location in the CNS, but with a relatively weaker signal (see Supplemental Figure 9 ).
CONCLUSIONS
Recent years have seen a tremendous improvement in instrumentation for mass spectrometric imaging employing MAL-DI, DESI and SIMS techniques. 42 MALDI MSI is particularly useful for the study of the tissue distribution of biologically interesting molecules because it affords both access to large range of intact molecules and a relatively higher spatial resolution when compared to other ion sources. MALDI MSI is therefore the approach of choice when studying tissue distributions of larger molecules, such as peptides or proteins.
While MALDI imaging offers great advantages for detecting and mapping unknown molecules in their native, processed state, it does have some important physical limitations. For example, despite recent and potential further improvements, MSI cannot achieve either the level of detectability, single or a few molecules, or the spatial resolution of conventional light microscopic cell imaging techniques. The pixel resolution obtained with MSI, as reported in most published studies, is ∼50À300 μm, though a possible lower limit of ∼5 μm for more abundant species has been reported. 42 In comparison, resolution of 200 nm is achievable using laser scanning confocal microscopy of cells immunostained with fluorescent tags. 43 The advantages of MSI, then, are 2-fold: first, a pixel is not simply a pixel but a complex array of mass values that can be resolved to high-accuracy. Second, MSI allows for an unsupervised (label-free) interrogation of the sample, allowing for the discovery of previously unknown species that are active in specific spatiotemporal contexts. The approach we report, referred as MSI-Query, addresses and exploits these two facets, developing a novel analysis methodology.
As noted above, a hurdle in the assessment and analysis of the large amounts of data inherent in MSI is to determine which of the many masses represented in the spectra are worth pursuing, given that the identification of the corresponding protein requires a great investment in time and effort. In our approach, we have started with the premise that the topographic distribution of a particular m/z value can be a first order filter for selecting those molecules of particular interest. Thus, we first developed a statistical technique to identify mass values that are specifically expressed in a morphological region specified by the user. Using this constraint, we then obtained a collection of mass values (presumably endogenously processed peptides or proteins) that are specifically expressed in the CNS, nephridia, and ventral/ dorsal segments of the medicinal leech embryo, the model system we used to test our technique. To obtain amino acid sequence information for less abundant species, we decided to use a procedure for identifying the peptides/proteins corresponding to these interesting masses from secondary fragmentation (MS/MS) data that required decoupling the imaging and MS/MS 44 performed with LCÀMS separation of nondigested proteome extracts. While other approaches obtain sequence information by performing MS/MS directly from the tissue while maintaining spatial information, our method allows for the concentration of peptides, helping identify peptides and proteins with intermediate abundance. 28 Our approach does have some shortcomings that should be noted. The identification of endogenous peptides based on fragmentation of intermediate-sized, highly charged precursors is challenging given available tools. We developed a customized pipeline for identification. As a second issue, the link between MS/MS and MSI parent masses is tenuous due to the lower accuracy of mass resolution in MSI. However, we test our results by using a second independent validation through in situ hybridization of the identified mRNA. While colocalization of the ISH and MSI signals can provide only a measure of consistency, it may also lead us to interesting differences between mRNA and protein localization that can be further explored.
Initial tests of our methods on the leech embryo MSI data have thus far resulted in the identification of a few novel proteins, including a member of the intermediate filament (IF) family and a completely novel peptide sequence. The discovery of a new IF expressed by neurons in the leech CNS is also of significant biological interest. IFs form a diverse family of proteins important for cytoskeletal architecture. Invertebrate IF proteins are relatively less analyzed and might be evolutionarily and functionally distinct from their vertebrate counterparts. The three known IFs in leech have distinct patterns of expression. The expression of macrolin is limited to macroglias, gliarin is expressed in both glial, and macroglial cells, and filarin is selectively expressed in neurons. 39, 45 While their function is poorly understood, the neuronal IFs are suggested to be developmentally regulated and may be involved in stabilizing the neural cytoskeleton. Our discovery of a novel IF protein adds to the diversity of invertebrate neuronal IFs.
Our results also include the detection of CNS expression of a fragment of histone H2B in early leech development. Interestingly, although histones are mainly known for their essential roles in chromosome packaging, histone H2B has been reported previously to be localized to the mouse brain. 23 Moreover, recent studies in Drosophila have suggested that the specific targeting of some axons (R1-R6) in the optic ganglia is mediated by the selective deubiquitination of the fly ortholog of histone H2B. 46, 47 Further, the deubiquitination is mediated by the SAGA complex, which has analogs from yeast to human. 46, 47 The discovery of these and other peptides using MSI shows the power of mass spectrometric imaging in a label-free identification of spatially differentiated proteins. 
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